Summary. During spent nuclear fuel reprocessing ruthenium is liable to form black ruthenium deposits on the stainless steel walls of process equipments. These deposits promote corrosion and can eventually obstruct the off-gas lines. The results of decontamination of 304L stainless steel test specimens covered with RuO(OH) 2 ·xH 2 O deposits by permanganate ions in alkaline medium are described. The ruthenium deposits were dissolved by oxidation of RuO(OH) 2 to RuO 4 2− ions, while the permanganate ions were reduced to MnO 4 2− ions and then to manganese dioxide MnO 2 . The parameters affecting the kinetics of oxidative dissolution of these deposits were examined. The results indicate that the oxidative dissolution kinetics depends on the instantaneous surface area of the deposit, and that the dissolution rate increases with the concentrations of MnO 4 − and OH − ions.
Introduction
Ruthenium is one of the most intractable fission products during spent nuclear fuel reprocessing by the PUREX process due to its relative abundance (6% of the fission products) and the high activity of its isotopes 103 Ru and 106 Ru. The chemistry of ruthenium in solution during spent fuel reprocessing is very complex, with more than 25 separate species ranging from 0 to +VIII oxidation states. In nitric acid medium, most of these species can be oxidized to RuO 4 and some authors have attempted to eliminate ruthenium from the nuclear fuel cycle by volatilization of RuO 4 in acidic medium [1, 2] . This volatile compound is highly oxidizing and readily reacts with metallic or organic surfaces [3] [4] [5] [6] . In spent nuclear fuel reprocessing facilities it can accelerate the corrosion of process equipment and form black ruthenium deposits [7, 8] agree that this deposit consists of RuO 2 . Nevertheless recent studies of Mun on this subject clearly demonstrate that this black ruthenium deposit corresponds to an oxyhydroxide of Ru(IV), namely RuO(OH) 2 [9] , which will be considered in the following as RuO(OH) 2 ·xH 2 O. The available decontamination processes for equipment items often involve alkaline medium in which the formation of RuO 4 remains very limited [10, 11] , thereby limiting the transfer of contamination. To the best of our knowledge, relatively few studies have been carried out on the oxidative dissolution of fission product oxides [12] [13] [14] [15] [16] [17] [18] [19] and only one example of complete oxidative dissolution of ruthenium oxides [20] . We therefore focused our investigation on the oxidative dissolution of RuO 2 ·xH 2 O in suspension or RuO(OH) 2 ·xH 2 O deposited on stainless steel surfaces by strong oxidizing agents in alkaline medium. In three previous articles [10, 11, 21] we described oxidative dissolution of RuO 2 ·xH 2 O suspensions and RuO(OH) 2 ·xH 2 O deposits by ozone and by perruthenate ions in alkaline medium. In this follow-up study we investigated oxidative dissolution of RuO(OH) 2 ·xH 2 O deposits on 304L stainless steel surfaces by permanganate ions in aqueous sodium hydroxide medium. In basic medium, MnO 4 − ions constitute a strong oxidizing agent capable of oxidizing and dissolving transition metal or actinide oxides [19, 22, 23] . These ions are also cheap, an important factor for industrial application.
Experimental Chemicals
Ruthenium nitrosyl solution, ruthenium dioxide hydrate and other chemicals were purchased from Aldrich Chemicals.
Determination of metal concentrations
Metal concentrations in solution were determined by atomic emission spectroscopy using a Jobin-Yvon JY 2000S ICP-AES spectrometer. The samples were diluted 5 times with ultrapure deionized water (18 M) to limit the destabilizing effect of large amounts of sodium ions on the plasma. The analysis wavelengths used for Ru, Fe, Ni, Cr and Mn were 240.272 nm, 259.940 nm, 231.604 nm, 267.716 nm and 257.610 nm, respectively.
Preparation of RuO(OH) 2 ·xH 2 O deposits
Ruthenium(IV) oxyhydroxide RuO(OH) 2 ·xH 2 O was deposited on cylindrical 304L stainless steel test coupons with a total surface area of 100 cm 2 . Two holes were drilled at the top of each coupon to allow them to be suspended in the contamination and decontamination devices. Before being contaminated, the test coupons were washed in acetone, then in distilled water to eliminate any grease from the surface. The test coupons were not submitted to any other physical treatment such as polishing. They were then contaminated by contacting them with gaseous RuO 4 in the experimental setup shown in Fig. 1 3 . The complex was oxidized to volatile RuO 4 and the RuO 4 vapours were spontaneously reduced on the steel surface to RuO(OH) 2 ·xH 2 O. The specimen was maintained in these conditions for periods ranging from a few hours to a few days depending on the desired quantity of the deposit (1 week of contact leads to a deposit of about 70 mg of RuO(OH) 2 ·xH 2 O). The ruthenium deposit mass was determined as the difference with the test specimen mass before contamination, whereas the precise quantity of ruthenium deposited (in µg Ru/cm 2 ) was calculated from the ruthenium concentration at the decontamination plateau.
Decontamination setup
The experimental decontamination device is shown in Fig. 2 . It consisted of a reactor maintained at a constant temperature of 20
• C (1) containing one liter of alkaline potassium permanganate solution at an initial MnO 4 − ion concentration ranging from 3 × 10 −3 to 5 × 10 −2 M (2), i.e. a net excess with respect to the quantity of ruthenium deposited on the test specimen. This ensured pseudo first-order conditions since permanganate and hydroxides ions were largely in excess of the quantity required to oxidize the entire RuO(OH) 2 ·xH 2 O deposit. The liquid was circulated at a rate of 50 L h −1 by means of a peristaltic pump (3). A glass am- poule (4) fitted with a temperature sensor, a platinum electrode and a reference electrode (SCE) was used to monitor the solution potential and temperature during the decontamination test. The contaminated test specimen (5) was suspended in the solution by two Teflon ® PTFE threads. The test specimen was placed in contact with the solution at time T 0 . A three-way valve (6) was used to take samples (2-3 mL) for ICP-AES analysis.
Results and discussion

Typical decontamination curve and reactions involved
Decontamination tests were carried out by successively varying the quantities of ruthenium deposit, the MnO 4 − ion concentration, and the alkali concentration. The shape of the curve for each test resembled the one shown in Fig. 3a for the decontamination of a specimen covered by 232 µg Ru/cm 2 (65 mg of RuO(OH) 2 ·xH 2 O deposit on the specimen) in suspension in 1 L of a solution of 2 × 10 −2 M permanganate ions in 0.5 M NaOH. Fig. 3 shows the quantity of ruthenium in solution vs. time. The decontamination process involved three successive phases, designated I, II and III. Oxidative dissolution of the RuO(OH) 2 ·xH 2 O deposit began immediately, without any induction step, unlike typical curves for oxidative dissolution of RuO(OH) 2 ·xH 2 O by ozone in NaOH [21] . During the first phase (phase I in Fig. 3a ) the ruthenium concentration in solution increased in a linear manner, which allows the determination of apparent rate constant (see Table 1 ): the deposit was quickly oxidized and dissolved by the permanganate ions. The increase slowed after six minutes, resulting in an inflection of the curve as the oxidative dissolution rate gradually diminished: The phase II. The latter corresponds to the final decontamination of the stainless steel test specimen. In the case shown in Fig. 3a , 12 min were necessary to dissolve the last third of the initial deposit, whereas the first two thirds had been dissolved in 6 min during phase I. The reasons for the existence of two phases are discussed below. The end of oxidative dissolution of the RuO(OH) 2 ·xH 2 O deposit is indicated by the stabilization of the ruthenium concentration: phase III. In the case of Fig. 3a , the curve levelled off after 18 min.
In a previous study, we described the rapid oxidative dissolution of RuO(OH) 2 ·xH 2 O deposit onto a stainless steel test specimen by RuO 4 − ions according to reaction (1) [21] .
In 
Reaction (2) was observed during a test performed in a beaker on a contaminated test specimen in a dilute solution of KMnO 4 in 0.5 M NaOH. The solution quickly turned to dark green, a color characteristic of manganate ions [26] .
Reaction (3) was identified by analysis of the test specimen after decontamination. The specimen was initially covered by a heavy black deposit (see Fig. 1b (2) and (3) involving the formation of MnO 4 2− and MnO 2 were confirmed by the results obtained for the dissolution of oxides of the first series of transition metals by permanganate ions in alkaline medium [22, 23] .
Based on apparent potentials of each of the couples involved (considering in a first approach that the electrochemical potential of the couple RuO(OH) 2 ·xH 2 O/RuO 4 2− is probably close to that of the couple RuO 2 ·xH 2 O/RuO 4 2− ), we can assume that the reaction (3) is thermodynamically more favourable than reaction (2) . Nevertheless, the manganate ions involved in reaction (3) are produced only by reaction (2). Reactions (2) and (3) are therefore necessarily consecutive, hence the balance reaction (4) to account for oxidative dissolution process of RuO(OH) 2 ·xH 2 O deposits by MnO 4 − ions.
3RuO(OH) 2 (s)
The solution potential was also monitored during the tests. Fig. 3b shows the variation in the solution potential versus time for the preceding test; T 0 represents the moment the test specimen was immersed in the permanganate solution, and negative time values correspond to the permanganate solution alone. The solution potential is fixed by the couple MnO 4 − /MnO 4 2− . Before the specimen was placed in solution the potential was roughly constant, corresponding to a solution containing mainly permanganate MnO 4 − ions. As soon as the specimen was added a potential jump occurred due to the kinetics of oxidative dissolution of RuO(OH) 2 ·xH 2 O (see Fig. 3a ) and reflecting the conversion of MnO 4 − ions to manganate MnO 4 2− ions. The variation in the solution potential then diminished on reaching the decontamination plateau. In a previous article [10] we showed that it was possible to monitor oxidative dissolution of RuO 2 ·xH 2 O suspensions by ozone in alkaline medium.
This was also the case here. Fig. 3b shows that the decontamination of RuO(OH) 2 ·xH 2 O-contaminated surfaces can easily be followed by monitoring the solution electrochemical potential.
Effect of deposit quantity on oxidative dissolution kinetics
Three tests were carried out with variable quantities of RuO(OH) 2 ·xH 2 O deposited on the surface of stainless steel test coupons in 0.5 M NaOH with a permanganate ion concentration of 10 −2 M at 20
• C (Fig. 4) Based on Fig. 4 , the decontamination plateau is reached sooner with smaller deposited quantities, ranging from about 6 to 16 min. Each of the curves initially exhibits a linear variation of the ruthenium concentration in solution (phase I). As a rough approximation, it may be assumed that the slope of the lines is directly proportional to the reaction rate constant. In the remainder of this study the slope values are assumed equal to the apparent rate constants k app expressed in mol L −1 min −1 . This initial apparent oxidative dissolution rates of the RuO(OH) 2 ·xH 2 O deposits were similar in all three tests (see Table 1 ), suggesting that the initial rate of the ruthenium deposit decontamination reaction in contact with potassium permanganate in NaOH does not depend on the quantity of ruthenium deposited on the test specimen.
In a previous study [10] , we showed that the rate of oxidative dissolution of RuO 2 ·xH 2 O particles was inversely related to the particle size. In this study, the RuO(OH) 2 ·xH 2 O deposits completely covered the stainless steel test specimen, and any variation in the quantity deposited simply implied different thicknesses but with the same reactive surface area: 100 cm 2 . Other studies with permanganate ions in acidic medium have reported a chromium(III) oxide dissolution rate proportional to the instantaneous surface area of the particles of this compound [29] . This was probably • C.
Deposit quantity a: The Ruthenium deposit mass was determined as the difference with the test specimen mass before contamination, whereas the precise quantity of ruthenium deposited (in µg Ru/cm 2 ) was calculated from the ruthenium concentration at the decontamination plateau; b: A mistake of ca. 10% is estimated on the values of k app .
the case here with the RuO(OH) 2 ·xH 2 O deposits. During decontamination in phase I, the thickness of the ruthenium deposit diminished while the surface area remained constant: the oxidative dissolution rate did not vary. In phase II of the decontamination process the deposit thickness diminished and the deposit surface area decreased, revealing the bare decontaminated steel test specimen. During this phase the dissolution rate gradually diminished with the deposited quantity and especially with its surface area (see Figs. 3 and 4) until the decontamination plateau was reached when the RuO(OH) 2 ·xH 2 O deposit surface area reached zero (phase III). The progressive slowdown is consistent with a rate law directly related to the surface area of the ruthenium deposit.
Effect of permanganate ion concentration
To account for the influence of the permanganate ion concentration on the initial ruthenium decontamination rate in alkaline medium, tests were carried out at permanganate ion concentrations ranging from 5 × 10 −2 to 3 × 10 −3 M, in 0.5 M NaOH at 20
• C, on test coupons contaminated with variable quantities of deposits since this quantity does not affect the apparent rate constant. The results obtained in this study are summarized in Table 1 . For these tests the permanganate ions were largely in excess compared with ruthenium, so their concentrations can be considered constant. Fig. 5 compares the initial rates observed during four of these experiments.
The initial oxidative dissolution rate rises with the permanganate ion concentration. The partial reaction order with respect to the MnO 4 − ion concentration was determined from the slope of the curve for ln(k app ) = f(ln([MnO 4 − ])) (see Fig. 6 ), indicating a linear variation with a correlation coefficient of 0.96 and a slope of 0.91, i.e. an apparent partial order of about 1 with respect to the permanganate ion concentration. This partial order contrasts with the previously determined value of 2 with respect to the perruthenate ion concentration [21] . The difference suggests a separate reaction mechanism for oxidative dissolution of ruthenium dioxide deposits by MnO 4 − and RuO 4 − ions. 
Effect of sodium hydroxide concentration
The influence of the NaOH concentration on the oxidative dissolution kinetics of RuO(OH) 2 ·xH 2 O deposits was estimated from tests performed in 0.1, 0.25, 0.5 and 0.75 M NaOH with a permanganate ion concentration of 10 −2 M at 20
• C. Fig. 7 shows the effect of the NaOH concentration on the oxidative dissolution kinetics, showing that the decontamination kinetics increase with the sodium hydroxide concentration (see Table 1 ). This is consistent with kinetics limited by reaction (2) involving hydroxide ions, unlike reaction (3). As before, the curve for ln(k app ) = f(ln([NaOH])) (Fig. 8) indicates a linear variation (R = 0.98) with a slope of 0.32 giving the partial order with respect to OH − ions for the kinetics of oxidative dissolution of RuO(OH) 2 ·xH 2 O deposits. The nonzero fractional partial order is consistent with separate oxidative dissolution mechanisms for MnO 4 − and RuO 4 − ions, as a zero partial order was determined for perruthenate ions with respect to the alkali concentration in the reaction medium [21] . In summary, the apparent initial oxidative dissolution kinetics of RuO(OH) 2 ·xH 2 O deposits with a constant surface area could be represented by the expression Eq. (5) as follows:
Conclusion
This study addressed the oxidative dissolution of RuO(OH) 2 ·xH 2 O deposits on 304L stainless steel surfaces by permanganate ions in alkaline medium. Oxidative dissolution occurs through two consecutive redox reactions, Eqs. (2) and (3) . Investigating the influence of the quantity deposited on the test specimen, the permanganate ion concentration, and the sodium hydroxide concentration allowed us to determine the major factors affecting the dissolution rate. The rate clearly does not depend on the quantity of RuO(OH) 2 ·xH 2 O deposited but rather on the surface area of the deposit, and increases with the concentrations of permanganate and hydroxide ions. Partial orders of 1 and 1/3 were determined for these ions, suggesting a oxidative dissolution reaction mechanism in which both species are involved. Ruthenium deposits are rapidly decontaminated by MnO 4 − , whereas several hours of ozone treatment are necessary due to the limited diffusion of ozone toward the deposit [21] . Treatment by KMnO 4 in alkaline medium considerably accelerates the kinetics of decontamination of a 304L stainless steel test specimen.
